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Significance of logarithmic throwing index:
a theoretical approach
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An expression for the metal distribution ratio in electroplating systems as a function of the primary
current density ratio L in the form M = L [W(1 —r)/(1 + K)] is derived. W, r and K are three dimension-
less parameters related to the current efficiency ratio, the concentration polarization and activation
polarization during the metal discharge. The function [W(1 —#)/1 + K] is compared with 1/4, the
logarithmic throwing index empirically determined by Chin. The metal distribution ratio calculated by
the use of the above formula is compared with the experimentally observed values. The close agreement
between the two within an accuracy of 10% proves the validity of the equation derived. The logarith-
mic throwing power of electroplating systems is thus confirmed on theoretical grounds.

Nomenclature i, = The secondary current density at the near
cathode (A dm™?)
A = Logarithmic Throwing Index — inverse of is = The secondary current density at the far
the slope of the plot of log M versus log L cathode (A dm™?)
b = Tafel slope. Slope of the equation iy, = The partial cathode current density at the
n=a+blogi near cathode for parallel cathodic reactions
d, = Current efficiency in percent for metal other than metal discharge (A dm™?)
deposition at near cathode i, = The partial cathode current density at the
dy = Current efficiency in percent for metal far cathode for parallel cathodic reactions
deposition at far cathode other than metal discharge (A dm2)
E = The overall cell potential in,, = The partial cathode current density for
E, = The potential drop in the electrolyte be- metal discharge at the near cathode
tween the anode and near cathode im; = The partial cathode current density for
E; = The potential drop in the electrolyte be- metal discharge at the far cathode
tween the anode and far cathode K = A dimensionless parameter = b/2.3 E;
e, = Dynamic anode potential L = Linear Ratio = I¢/l, or iy [is
e, = Dynamic potential at the near cathode at a I, = Linear distance of the near cathode (cm)
current density 7., /sy = Linear distance of the far cathode (cm)
e; = Dynamic potential at the far cathode at a M = Metal distribution ratio
current density i, , m, = Weight of metal deposited on the near
. if, —in cathode
/= afraction = iy, — it mg = Weight of metal deposited on the far
i = The average current density (A dm™2) cathode
i, = The primary current density at the near R = Secondary current distribution ratio = i, /i
cathode when there is no polarization r = A dimensionless parameter related to K and
(A dm™?) f and given by f= (1/L)"¥
is = The primary current density at the far W = A dimensionless parameter related current
cathode when there is no polarization efficiency ratio RY ™" = d,,/d;

(Adm™?)
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p = Specific resistivity of the electrolyte
(Qem™)
N, = The overpotential at the near cathode (V)
n: = The overpotential at the far cathode
is = The exchange current density

1. Introduction

The primary current distribution over an electrode
in an electrolytic cell is solely determined by the
cell geometry, the cell size, the shape and the
position of the electrodes in the cell. In electro-
plating, the amount of metal deposited on an area
will be proportional to primary current density on
that area provided there is equal or no polarization
and the current efficiency for metal deposition is
100%. But in practice, the actual current distri-
bution over the electrode tends to become more
uniform because of the influence of polarization
effects and varying current efficiencies with the
changes in the primary current distribution over
the area.

1.1. Formulae for throwing power

Several methods have been used to measure what
is termed as “Throwing Power’ of the plating baths
and a number of formulae [1-6] have been pro-

posed to express this throwing power (Table 1).

Table 1. Various formulae for throwing power

Haring [1] L — ML
Heatley-Pan [2] (L—M/L—1)
Field [3] L—MIL +M—2)
Subramanian [5] (L —M/M(L—1)
Jelenick & David (4] M=mL+C
1/m is known as Throwing Index
(Linear)
Gardam [7] T = 1fi + 2il,,/N where N = b[2p
N is known as Throwing Number
Chin [13] M =L(1/4) o1

log M = (1/4) log L
A is termed Logarithmic
Throwing Index

Most of these formulae are empirical, and the
values so expressed are related to a particular geo-
metry of the cell. The Haring—Blum cell is the one
most commonly used in the determination of the
throwing power even though its limitations have

been discussed by many authors [7-10]. Recently,
Chey and Wan [11] have developed three methods
of approximation to predict metal distribution in
electroplating systems. As it is desirable to have a
single-valued parameter to express the capability
of an electroplating bath for metal distribution
over a range of Linear Ratios, Jelenik and David
[4] derived the Linear Throwing Index. The limi-
tations of the Linear Throwing index was dealt
with by Watson [12], Subramanian [5] and
recently by Chin [13]. Chin has proposed a
“logarithmic throwing index’ as a measure of
throwing power. He found that among several
functions tested, the equation

M=L" (1)

gave the best fit to the experimental data and still
retained the characteristics of a single-valued para-
meter. However, in conclusion he stated ‘The
method is proposed principally as an empirical
tool to minimize the experimental effort required
for electroplating studies. It is felt that further
theoretical study is necessary to clarify why the
throwing power of plating baths follows the logar-
ithmic fashion as suggested by Equation (1)".

1.2. Objective of the present paper

The present paper describes one such attempt to
explain why the throwing power of plating baths
follows the logarithmic fashion as found by Chin.
An equation for the metal distribution has been
derived which is of the form of Equation 1 where
A is found to be a function the specific resistance
of the electrolyte, the average current density, the
current efficiency for the metal discharge, its limi-
ting current density and the Tafel slope.

2. Theoretical derivation of the equation M = L'4

A Haring Cell with two cathodes and a gauze
anode with a large area placed in between the
cathodes as described by Haring and Blum [I] is
used for the derivation of the equation. It is evi-
dent that the cell voltage is

E = e, +pli, ‘e, = e, +pliicte;. (2)
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Table 2. Percentage error due to the approximation a* =1 + 2-3 x loga

x=02 x=0-1 x =0-05
a (1+Y) RZ Error 1+7Y) R} Error 1+Y) R? Error
(%) (%) (%)
20 1-5986 0-4463 27-71 1-2992 0-06389 4917 1-1496 0-0131 1-139
10 1.46 0-196 13-43 1.23 0-04085 3-322 1-115 0-0075 0-673
5 1-3215 0-07617 5-763 1-1608 0-01541 1-327 1-0804 0-0009 0-083
2.1. Primary current distribution ratio L i = ip{(1 —i/iy) exp (—azFn/RT) (10)
1

When there is no or negligible polarization at the
cathodes and if e, is negligibly small, Equation 2
reduces to

3)

4

plnin = plfif
(ln/lf) = (lf/ln) = L.

ie.

2.2. Secondary current distribution R

In practical plating, there will be polarization at
the cathodes and it will be a function of the cur-
rent densities at the cathodes. Now, if i, and i} are
the current densities at the near and the far cath-
odes respectively, due to secondary current distri-
bution, then

E = e, +plyip+e, = ¢, +plit+er (5)

with e, small and equal on both sides,

Plnin + e, = pliz + e; (6)

@)
Dividing both sides of Equation 7 by igpl,,, we get

Gulit) = (e/ly) + (= n)lplaiz.  (8)

If we now define the secondary current distri-
bution ratio (i,/i¢) = R and divide both sides of
Equation 8 by L,

(R/L) = 1+ (n,—ms)/Ey

where B¢ = pli;.

plaiyn, = pliiz + ez —e, = plis + (0, —ng).

©)

2.3. The variation of overpotential with current
density

In the case of an electrode reaction under acti-
vation and concentration polarization, Bockris
[14] has shown that

—exp [(1 —a)zFn/RT]}.

When 7 is sufficiently large (n > 0-05 V), the dis-
solution current term (i.e. the second term within
the cutly brackets of Equation 10), can be neglec-

ted and we get
i = ip[(1 —ifiy)exp (—azFn/RT)] (11)
T —n= bles (@i (12)
where b = RT/azF. Therefore,
g TS bloge [(t/io)/(1 —itfi)]  (13)
— M = bloge [(infio)/(1 —in/ir)].  (14)

Substituting the values of ¢ and 7, from Equa-
tions 13 and 14 in Equation 9 and rearranging, one
gets

(RIL) = 1 — (b/Ey) log {(i/iD) [(ir, — iD(ir, — 1)1}

(15)
= 1— (b/E¢) loge [(in/is)(1/)] (16)
Where . 1 . -
[ = G~/ —ip)].
2.4. The approximation of 1 + x log, a =~ a*
The power series
@ = 1 +xlogea+ (x*/L?)/(log, a)?
+x3L%(logea)®* +...... (17)

can be compared with the geometric series
s = 1+x log. a + x*(log, a)® + x*(loge a)® + . . .
(18)

which is convergent when x log, ¢ is less than 1.
Now if we consider each term after the third term
of the first series in Equation 17, it will be less
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than half of the corresponding terms of the series
in Equation 18. If we denote the remainder after
the third term of the series in Equation 17 as R}
and that of Equation 18 as R%, then
Ry < R%
R} = Y?(1-Y)

(19)
(20)

and

where ¥ = x log, 4.
So when the approximation 1 + x log, a ~ a* is
used, the error involved will be less than

[R%/(1 + V)] 100% 21

In Table 2, the percentage error involved in
such an approximation is tabulated for values of
a=20,10and 5 and x = 0-2, 0-1 and 0-05. It is
evident when x <0-1 that the error is less than 5%
for @ =20, 10 or 5. Therefore, using the approxi-
mation given by Equation 21 within the limits
a <20 and x <0-1 in Equation 16, Equation 16
reduces to

R — (! [#\(~b/2:3Eg) . £(b/23Eg)
or ( /L) (ln/Zf) f (22)
(R/L) = R7X-fX
where K = (b/2-3Ey)

JRUHE) = f K (23)

2.5. To express f as a function of L: definition of

(]

¥

In Equation 16, f'is defined as equal to
(i, —i)/(iy, — iy) and it is evident that f is always
a positive fraction because iy, > iy, > is.

At low current densities or at high metal ion
concentration in the bath iy, > i;, > it and f tends
to 1.

At high current densities i, approaches iy, and f
tends to zero. But f cannot have a value zero, be-
cause by Equation 23 R will then become zero
which is not observed in practice. The limiting
value of RisR = 1.

When R = 1, by Equation 23

1
K _ L
mEr
The limiting value for f is therefore,

1

= K
L<f <1 249

which condition is met with when f is expressed as
F=Q/Ly® with 0<r<i. (25)

Thus when r tends to 1, the secondary current dis-
tribution is improved; that is throwing power
should improve and when it tends to zero the secon-
dary current distribution equals primary current
distribution (from Equations 23 and 25).

Now Equation 23 can be written as:

RUE = . fK = LI(/LY™®1E = LD (26)

or
R = [LU-DKI+B]

(27)
2.6. The relationship between current efficiency

ratio and secondary current distribution ratio:
definition of W

If the metal deposition were the only reaction at
the cathodes, the metal ratio would be directly
equal to the secondary current distribution ratio R.
But in the commercial aqueous plating solutions,
there is a possibility for the reduction of impuri-
ties and addition agents as well as the discharge of
hydrogen ions along with metal deposition.

If we denote iy as the partial current density
for the metal discharge and 7 as the partial cur-
rent density for the parallel cathodic reactions
such as hydrogen evolution, reduction of impuri-
ties, addition agents etc. then

< . Y
I, = Im + g
and T (28)
is = iyt ip,
The current efficiency by definition will then be
given by o
dn = (an/ 1:1)
ds = (imglis)-
Therefore, the ratio of current efficiencies, which
is responsible for metal distribution at the cath-
odes, will be given by

(dnfdg) =[G, /i) Ginglit)]-
From Equations 28 and 30
@nlds) = [(in— i, )in] [it/ Gt — i p)]
[t/ i)} [Gr, — i1, )/ G — )] (1)

When iy, ~ in, i.e. when the current at the near
cathode is utilized principally for hydrogen

and 29)

(30)
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discharge or other reduction processes, the current
efficiency ratio tends to zero and when iy, ~ i
there is no deposit at the far cathode (e.g. in
chromium deposition). Further, since iy <7 the
quantity within the square brackets can never be
negative. Hence, this can be expressed as a func-
tion of R with limiting values 0 and oo, Hence we

denote ,
(@ — i MG — i) = RV (32)

where — oo < W < + oo, since R = (i,,/it) is always
= 1. Therefore, from Equations 31 and 32 we get

_1_.RW = RW-D,

dn/df = R

(33)

2.7. The metal distribution ratio as a function of
the primary current distribution ratio

From Equation 30 we get

(imyling) = (dnlde)(infiz)

ie.
d
M= -2:R, (34)
£
From Equations 33 and 34
M = RW-VR = RY, (35)

Substituting Equation 27 for R in Equation 35
M = {LIDIEONW — f (VG-I BT (36)

which is of the form M = L' proposed by Chin
with

W —nl/(1 +K) = 1/4, 37)

where 7 is the parameter expressing the influence
of concentration polarization and X is the para-
meter expressing the influence of the Tafel slope b,
resistivity of the electrolyte p and the current den-
sity at the far cathode. The factor W denotes the
effect of current efficiency ratio on metal distri-
bution ratio. Qualitatively, that an increase of W, a
decrease of r, a decrease in the slope of the current
density/potential curve, an increase of electrolyte
resistivity and an increase of current density will
decrease the throwing power, is evident from
Equation 36.

2.8. Verification of Equation 36

The following data are required for the calculation
of K, r and W in Equation 36 from the definition

of
K = b[2:3E; = b/2-3plsiz. (Equation 22)
[Gr, — i)/ —i)] = (/LY (Equation 25)

and

(dn/ds) = R, (Equation 33)

From the data given by Haring and Blum, the cal-
culation of M is illustrated below:

2.8.1 Cyanide copper bath.
L=5;
i = the cell current 1A dm™2;
i, =0821Adm™;
it =0-179 Adm™2;
p=174Q cm™?;
b = 0-1984 (calculated by Gardam);
iy, =2 Adm™ (assumed);
d, = 49-1%:
de = 75-4%.
(W—1) = (logd,, —logdg)flogR = 1-7180,
LW = 07180 |
K = bj23E; = b/23plsi}
= 0-1984/2:3 x 17-4 x 50 x 0-00179

= (-05539.
—K(log fflog L)
—0:05531 [log (1-179/1-821)/log 5]
0-01494.

M = LIWa-n/a+KB) -

\
i

5(0'7180 X 0-9851)/1-0553

= 50672 = 2.94].
Mypy = 2990

A 1/0-6702 = 1-492.

Il

In Table 3, the metal distribution ratio calcu-
lated using Equation 36 is compared with the ex-
perimental values obtained by Haring and Blum.
The close agreement between the calculated values
and the experimental resuits testifies to the val-
idity of Equation 36,

2.9. Comparison of values of ‘A’ from Equation 36
with the values of ‘A’ given by Chin

In Table 4, the metal distribution ratio and A
calculated using Equation 36 are compared with
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the experimental values of metal distribution ratio
reported [15, 16] and the value of 4 from the
slope of the log M—log L plot by Chin. This exem-
plifies the value of logarithmic throwing index as
well as the validity of Equation 36 derived above,
in spite of the fact that missing data for the calcu-
lation of M in certain cases have to be compiled
from different sources.

3. Summary

The logarithmic throwing index A derived by Chin
empirically from the plot of log M versus log L is
shown to be a function of K, r and W where K is
related to the activation polarization, r is related
to the concentration polarization and W is related
to the ratio of current efficiencies. The validity of
the equation M = LIWU=/1+K] hag heen checked
with the data from published results from different
sources and it is found that the metal distribution
ratio calculated by the above formula is within
10% of the experimentally observed values. That
the logarithmic throwing index can be used as a
single valued parameter for measuring throwing
power of electrolytes over a range of Linear Ratios
has a theoretical basis, is also proved. It is also
shown that A can be calculated with reasonable
accuracy from experimentally measurable quan-
tities using a Haring~Blum type of cell, if the data,
the current density-potential curve, current
density-current efficiency curve and the specific
resistance of the electrolyte are available.
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